Yu Z, Kong Q, Kone BC. Aldosterone reprograms promoter methylation to regulate ␣ENaC transcription in the collecting cuct. Am J Physiol Renal Physiol 305: F1006 -F1013, 2013. First published August 7, 2013 doi:10.1152/ajprenal.00407.2013.-Aldosterone increases tubular Na ϩ absorption largely by increasing ␣-epithelial Na ϩ channel (␣ENaC) transcription in collecting duct principal cells. How aldosterone reprograms basal ␣ENaC transcription to high-level activity in the collecting duct is incompletely understood. Promoter methylation, a covalent but reversible epigenetic process, has been implicated in the control of gene expression in health and disease. We investigated the role of promoter methylation/demethylation in the epigenetic control of basal and aldosterone-stimulated ␣ENaC transcription in mIMCD3 collecting duct cells. Bisulfite treatment and sequencing analysis after treatment of the cells with the DNA methyltransferase (DNMT) inhibitor 5-aza-2=-deoxycytidine (5-Aza-CdR) identified clusters of methylated cytosines in a CpG island near the transcription start site of the ␣ENaC promoter. 5-Aza-CdR treatment or small interfering RNA-mediated knockdown of DNMT3b or methyl-CpG-binding domain protein (MBD)-4 derepressed basal ␣ENaC transcription, indicating that promoter methylation suppresses basal ␣ENaC transcription. Aldosterone triggered a time-dependent decrease in 5mC and DNMT3b and a concurrent enrichment in 5-hydroxymethylcytosine (5hmC) and ten-eleven translocation (Tet)2 at the ␣ENaC promoter, consistent with active demethylation. 5-AzaCdR mimicked aldosterone by enhancing Sp1 binding to the ␣ENaC promoter. We conclude that DNMT3b-and MBD4-dependent methylation of the ␣ENaC promoter limits basal ␣ENaC transcription, in part by limiting Sp1 binding and trans-activation. Aldosterone stimulates the dispersal of DNMT3b and recruitment of Tet2 to demethylate the ␣ENaC promoter to induce ␣ENaC transcription. These results disclose a novel epigenetic mechanism for the control of basal and aldosterone-induced ␣ENaC transcription that adds to previously described epigenetic controls exerted by histone modifications.
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In the decade since aldosterone was first discovered to stimulate ␣ENaC transcription in CD cells (15) , a complex model of transcriptional ␣ENaC activation has evolved. A promoter-reporter study (11) of the ␣ENaC gene in CD cells revealed the involvement of a glucocorticoid responsive element at Ϫ811 in the aldosterone response, leading to the assumption that aldosterone activation of ␣ENaC gene transcription was solely due to the action of aldosterone, liganded to the mineralocorticoid receptor (MR), acting at this glucocorticoid responsive element. However, mice with CNT/CDspecific MR inactivation (19) failed to develop the severe salt-wasting phenotype observed with CNT/CD-specific ablation of ␣ENaC in these same segments (5), indicating the large contribution of MR-independent pathways in ␣ENaC gene regulation.
Subsequently, we discovered additional aldosterone-sensitive pathways for the genetic and epigenetic control of ␣ENaC gene transcription that involve basal trans-activation mediated by the transcription factor Sp1 binding to a cis-element at ϩ222/ϩ229 of ␣ENaC, counterbalanced by aldosterone-sensitive epigenetic transcriptional constraints. The epigenetic repression/derepression mechanisms thus far described include combinatorial interactions of histone methyltransferase disruptor of telomeric silencing (Dot)1a with either the putative DNA-binding protein ALL-1 fused gene with chromosome 9 (Af9) acting at an Af9 element at ϩ78/ϩ92 of ␣ENaC (26 -29) or sirtuin (Sirt)1 (25) . Dot1a hypermethylates histone H 3 K79 at the ␣ENaC promoter to limit basal ␣ENaC transcription in CD cells in vitro and in vivo, with the latter evidenced by the fact that CNT/CD-specific ablation of Dot1 in mice results in an upregulation of renal ␣ENaC mRNA expression (29) . Aldosterone, through suppression of Dot1a, Af9, and Sirt1 abundance and through serum-and glucocorticoid-induced kinase-1-mediated phosphorylation of Af9 and consequent disruption of the Dot1/Af9 complex at the ␣ENaC promoter, results in the derepression of ␣ENaC transcription in a MR-independent manner (28) . At the same time, aldosterone enhances Sp1- (23) and MR-mediated (11, 25) trans-activation in CD cells. Interestingly, aldosterone enhances Sp1 occupation of the ␣ENaC promoter without changing the nuclear abundance of the transcription factor (23) , suggesting that other context-dependent factors influence its binding and/or activity at the ␣ENaC promoter.
In the mammalian genome, ϳ70% of CpG sites are methylated (6) , and these sites are often clustered in CpG islands within promoter regions DNA. Promoter methylation, a covalent but reversible epigenetic process, plays critical roles in cell-specific gene expression during differentiation, development, and disease (13, 14) . DNA methylation typically results in a chromatin configuration that represses transcription, and it involves DNA methyltransferase (DNMT)-mediated transfer of a methyl group from S-adenyl methionine to the fifth carbon of cytosine, forming 5-methylcytosine (5mC) (21) . DNMT1, DNMT3a, and DNMT3b are the principal mediators of the establishment and maintenance of DNA methylation in mammals. DNMT3a and DNMT3b mediate de novo DNA methylation, whereas DNMT1 acts on newly synthesized DNA to maintain methylation marks (21) . Transcription may be limited by an effect of promoter methylation itself to reduce the affinity for trans-activating factors and by methyl-CpG binding domain (MBD) proteins, which recognize 5=-methylated cytosine (5mC) residues, recruiting transcriptional repressors or chromatin modifiers to these sites (16) and stearically hindering transcription factor binding (12) . Moreover, DNMT3b and MBD4 have been shown to physically and functionally interact in a complex with negative vitamin D response elementbinding protein to initiate and maintain methylation of the cytochrome P-450 (CYP)27B1 promoter (10) .
Demethylation, with its consequent transcriptional derepression, occurs via passive or active processes. Although the precise mechanisms for the erasure of cytosine methylation remain controversial, recent studies have demonstrated that target gene activation is often accompanied by the early conversion of 5mC to 5-hydroxymethylcytosine (5hmC) catalyzed by the ten-eleven translocation (Tet) family of dioxygenases. Since MBDs bind 5mC but not 5hmC (9), Tet-mediated conversion of 5mC ¡ 5hmC limits the binding of MBDs, and potentially MBD-binding partners, such as DNMT3b, to facilitate passive demethylation. In addition, Tet-mediated generation of 5hmC has also been proposed to initiate a base excision repair process that results in demethylation (12) .
Promoter methylation/demethylation represents a potential switch for the prompt conversion of basally constrained transcription to hormonally induced transcription. Our analysis of the murine ␣ENaC promoter region using CpG Island Finder (http://dbcat.cgm.ntu.edu.tw) revealed a dense CpG island at Ϫ5/ϩ359 within the R3 subregion of the ␣ENaC promoter (Fig. 1) , the principal region we have determined to control MR-independent ␣ENaC transcription (23, 28, 29) . This finding prompted us to hypothesize that regulation of the cytosine methylation status of the R3 subregion could contribute to the epigenetic control of basal and aldosterone-stimulated ␣ENaC transcription in mIMCD3 cells and might help to explain the aldosterone-induced enhancement of Sp1 binding and transactivation at the ␣ENaC promoter we previously observed in these cells (23) . We discovered that basal cytosine methylation is dependent on the actions of DNMT3b and MBD4, which serve to constrain basal ␣ENaC transcription. Aldosterone treatment disperses DNMT3b from the ␣ENaC R3 subregion and recruits Tet2 to convert 5mC ¡ 5hmC at this subregion to contribute to the derepression of ␣ENaC transcription. Aldosterone-dependent demethylation of the ␣ENaC promoter also facilitates Sp1 binding to the promoter to allow further transactivation of the ␣ENaC gene. Taken together with our earlier work, these results provide new evidence for DNA-histone cross-talk in basal and aldosterone-stimulated ␣ENaC transcription.
MATERIALS AND METHODS
Reagents and plasmids. Aldosterone and 5-aza-2=-deoxycytidine (5-Aza-CdR) were from Sigma (St. Louis, MO). SYBR GreenER quantitative (q)PCR SuperMix Universal and Lipofectamine 2000 reagent were purchased from Invitrogen (Carlsbad, CA). The plasmids pGL3-basic-1.3␣ENaC, which contains the murine ␣ENaC promoter fused to the gene encoding firefly luciferase, and pcDNA3.1-Zeo-1.3␣ENaC-Luc, which contains the 1.3-kb ␣ENaC promoter and luciferase-coding cassette from pGL3-basic-1.3␣ENaC subcloned into pcDNA3.1-Zeo, have been previously described (26 -28) . Antibodies used included those directed against Sp1 and Tet1 (Millipore, Temecula, CA), 5mC and 5hmC (Epigentek, Farmingdale, NY), and DNMT3b, Tet2, and Tet3 (Abcam, Cambridge, MA).
mIMCD3 cell culture and aldosterone treatment. Wild-type mIMCD3 cells and mIMCD3 cells stably transfected with pcDNA3.1-Zeo-1.3␣ENaC-Luc (26 -28) were cultured at 37°C in a 5% CO 2 environment in DMEM-F-12 plus 10% FBS. The stable cell lines were maintained under Zeocin selection. For aldosterone treatment experiments, cells were cultured in medium of the same composition except containing 10% charcoal-stripped FBS for at least 24 h before the addition of 1 M aldosterone or 0.01% ethanol as a vehicle control. For time-course experiments, the values for aldosterone-treated samples were normalized to those of vehicle-treated time control samples.
Transient transfection, RNA interference, and promoter activity assays. In transient overexpression experiments, cells were transiently transfected with a MBD4 expression plasmid or its empty vector using Lipofectamine 2000 reagent (Life Technologies) as previously detailed (23, 24, 28, 29) . The level of overexpression was monitored by qRT-PCR. Small interfering (si)RNA knockdown was performed using Lipofectamine 2000 reagent (Life Technologies) and control and gene-specific siRNAs for DNMT1, DNMT3a, DNMT3b, MBD4, Tet1, Tet2, and Tet3. Successful knockdown of the target genes was assayed by qRT-PCR and ranged from a 50% to 70% reduction compared with cells transfected with scrambled control siRNA (data not shown). The specificity control was GAPDH, and its expression was unaffected by any of the siRNAs. Luciferase activity of the stable mIMCD3 cell lines expressing pcDNA3.1-Zeo-1.3␣ENaC-Luc was assayed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) and was normalized to cell protein content as previously detailed (23, 24, 28, 29) . For transient transfection of promoterfirefly luciferase constructs, the Renilla luciferase reporter pRL-SV40 was cotransfected as an internal control. The firefly luciferase activity of each sample was normalized to its Renilla luciferase activity to generate the reported promoter activity.
Chromatin immunoprecipitation/qPCR and qRT-PCR. Chromatin immunoprecipitation (ChIP)/qPCR and 5mC or 5hmC immunoprecipitation/qPCR were performed and analyzed essentially as previously described (23, 26, 28) except that antibodies directed against Sp1, 5mC, 5hmC, DNMT3b, Tet1, Tet2, and Tet3 were used and only the R3 subregion (Ϫ57 to ϩ438) of the ␣ENaC promoter was examined. RT-qPCR to measure ␣ENaC and ␤-actin mRNA levels in miMCD3 cells used previously described methods and primers (18) .
Sodium bisulfite modification and genomic sequencing. mIMCD3 cells were treated with 0.5 g/ml 5-Aza-CdR or vehicle for 24 h, and genomic DNA was extracted using the DNAeasy kit (QIAGEN) according to the manufacturer's protocol. Sodium bisulfite modification of the DNA and purification of the modified DNA was performed as we have previously described (22) . The ␣ENaC promoter region Ϫ1327 to ϩ438 in the bisulfite-reacted DNA was PCR amplified and cloned into the pCR4-TOPO10 vector (Invitrogen). Clones with appropriate sized inserts were sequenced.
Data analysis. Quantitative data are expressed as means Ϯ SEM and were analyzed for statistical significance by one-way ANOVA or Student's t-test as appropriate. P values of Ͻ0.05 were taken as significant.
RESULTS
The DNA methylation inhibitor 5-Aza-CdR demethylates the ␣ENaC promoter and basally augments endogenous ␣ENaC mRNA expression and ␣ENaC promoter activity. To identify CpGs in the ␣ENaC promoter that are methylated under basal conditions in mIMCD3 cells, we treated cells with vehicle or the DNA methylation inhibitor 5-Aza-CdR, extracted genomic DNA, and subjected the DNA to sodium bisulfite treatment and DNA sequence analysis. Sodium bisulfite deaminates unmethylated cytosine to uracil in single-stranded DNA under conditions in which 5mC remains nonreactive. Since 5mC is resistant to sodium bisulfite treatment, it remains unchanged, allowing it to be distinguished from unmethylated cytosines within the sequenced fragment. Thus, all cytosines remaining at the time of sequencing represent cytosines that were methylated (that is, all 5mCs) in the original DNA sequence. Sequencing analysis of Ϫ1327 to ϩ438 of ␣ENaC from the bisulfite-treated samples showed 5mC residues, clustered in a CpG island in the proximal promoter region at Ϫ99, Ϫ91, ϩ13, ϩ22, ϩ29, ϩ32, ϩ38, ϩ48, ϩ215, ϩ216, and ϩ224, that were demethylated in the presence of 5-Aza-CdR (Figs. 1 and 2) . A representative DNA sequencing graph of ϩ238 to ϩ207, which includes the ϩ222/ϩ229 Sp1 element, is shown in Fig. 2 . We (23) have previously demonstrated that this Sp1 element mediates trans-activation of the ␣ENaC promoter.
Given the evidence for basal hypermethylation of the R3 subregion of the ␣ENaC promoter and the effectiveness of 5-Aza-CdR in erasing cytosine methylation, we hypothesized that hypermethylation of this subregion could constrain basal ␣ENaC gene expression and be relieved by demethylation. Accordingly, we used qRT-PCR to measure basal and aldosterone-stimulated ␣ENaC mRNA levels in mIMCD3 cells that had been treated with vehicle or 5-Aza-CdR. As shown in Fig. 3A , 5-Aza-CdR-treated mIMCD3 cells exhibited a basal level of ␣ENaC mRNA that was 56% greater than control
5-Aza-CdR vehicle

Sp1
+238 | +207 | Fig. 2 . Sodium bisulfite modification and genomic sequencing of the ␣ENaC promoter reveals cytosine methylation within and near the ϩ222/ϩ229 Sp1 site. mIMCD3 cells were treated with vehicle or 0.5 g/ml 5-Aza-CdR for 24 h. Genomic DNA was harvested and exposed to sodium bisulfite to modify methylated cytosine to uracil. DNA sequencing was then performed. A representative (n ϭ 3) sequencing graph of the ϩ238/ϩ207 region is shown. Arrows indicate modified and unmodified cytosines. The red boxes outline the ϩ222/ ϩ229 Sp1 element. .1-Zeo-1.3␣ENaC-Luc were treated as described in A, and cell lysates were then prepared for luciferase activity measurements, which were normalized to cell protein content. n ϭ 6. *P Ͻ 0.05 vs. vehicle (ϪAldo).
cells. The trend toward higher levels of ␣ENaC mRNA in aldosterone-and 5-Aza-CdR-treated cells compared with vehicle-and 5-Aza-CdR-treated cells did not reach statistical significance (Fig. 3A) . To determine whether the stimulatory effect of 5-Aza-CdR on ␣ENaC mRNA expression was mediated at the transcriptional level, previously characterized mIMCD3 cell lines stably expressing pcDNA3.1-Zeo-1.3␣ENaC-Luc were treated with vehicle or aldosterone with or without 5-Aza-CdR, and ␣ENaC promoter activity was measured. In agreement with the mRNA results, cells treated with 5-Aza-CdR exhibited basal ␣ENaC promoter activity that was 48% greater than control cells (Fig. 3B) . The numeric differences in aldosterone-stimulated ␣ENaC promoter activity between vehicle-and 5-Aza-CdR-treated cells did not achieve statistical significance (Fig. 3B ). These data suggest that promoter hypermethylation represses and hypomethylation derepresses basal ␣ENaC promoter activity in mIMCD3 cells. Cytosine methylation limits Sp1 binding to the ␣ENaC promoter. Cytosine methylation in the promoter region, when present within regulatory elements, could potentially interfere with the binding of specific transcription factors that bind these motifs. We (23) have previously demonstrated that ϩ222/ ϩ229 is the exclusive site for Sp1 binding to the R3 subregion and contributes to basal and aldosterone-stimulated transactivation of the ␣ENaC gene. One perplexing observation in this previous study was that aldosterone triggered additional Sp1 association with the ␣ENaC promoter without increasing Sp1 expression levels in the nucleus. Since cytosines neighboring and within the Sp1 element were methylated under basal conditions (Figs. 1 and 2) , one potential explanation for the aldosterone-induced enrichment of Sp1 at the ␣ENaC promoter would be that basal cytosine methylation limits Sp1 binding and that promoter demethylation relieves this constraint. Therefore, we tested whether 5-Aza-CdR demethylation of the ␣ENaC promoter enhances Sp1 binding to this region in the context of chromatin. ChIP/qPCR assays for Sp1 binding to the R3 subregion were performed in mIMCD3 cells that had been treated with vehicle or 5-Aza-CdR, as in the mRNA expression, promoter, and bisulfite treatment assays. As shown in Fig. 4 , cells treated with 5-Aza-CdR exhibited ϳ75% enhanced enrichment of Sp1 at the R3 subregion of the ␣ENaC promoter compared with vehicle-treated control cells, an effect equivalent to that observed with aldosterone treatment of the cells (see Fig. 8A in Ref. 23 ).
DNMT3b and MBD4 contribute to the basal repression of ␣ENaC transcription in mIMCD3 cells.
Given the results of pharmacological inhibition of DNA methylation on ␣ENaC promoter methylation and transcription (Figs. 2 and 3, A and  B) , we next tested the role of DNMT in mediating functionally relevant methylation on basal and aldosterone-stimulated ␣ENaC promoter activity. Promoter activity in mIMCD3 cells stably expressing pcDNA3.1-Zeo-1.3␣ENaC-Luc was measured after transfection with control siRNA or siRNAs specific for DNMT1, DNMT3a, or DNMT3b. As shown in Fig. 5 , DNMT3b knockdown resulted in an ϳ70% increase in basal ␣ENaC promoter activity, whereas knockdown of DNMT1 or DNMT3a had no measurable effect compared with similarly treated siRNA controls. None of the DNMT-specific siRNAs significantly affected aldosterone-stimulated promoter activity.
Given prior evidence in HEK-293F cells showing that DNMT3b associates with MBD4 in chromatin associated with the CYP27B1 promoter (10), we tested whether MBD4 is functionally involved in the transcriptional repression of ␣ENaC transcription. As shown in Fig. 6A , mIMCD3 cells transfected with MBD4 siRNA exhibited doubled levels of basal ␣ENaC mRNA compared with control cells but did not augment the levels induced by aldosterone. This result suggests that aldosterone completely negates the repressive effect of MBD4 on ␣ENaC transcription. Indeed, overexpression of MBD4 suppressed aldosterone-stimulated ␣ENaC promoter activity practically to the basal level (Fig.  6B) . Collectively, the 5-Aza-CdR, DNMT, and MBD4 functional data indicate that hypermethylation, mediated and maintained by DNMT3b and MBD4, of the ␣ENaC promoter inhibits its basal activity and results in suppressed basal ␣ENaC gene transcription in mIMCD3 cells. Since aldosterone did not enhance ␣ENaC gene transcription in cells depleted of DNMT3b and MBD4, it appears that the hormone completely overcame their repressive effects.
Aldosterone promotes the conversion of 5mC to 5hmC, loss of DNMT3b, and gain of Tet2 associated with the R3 subregion of the ␣ENaC promoter. Since 5-Aza-CdR mimicked the effect of aldosterone to enhance ␣ENaC transcription, we tested whether aldosterone triggers loss of the repressive 5mC and de novo appearance of the activation mark 5hmC from the ␣ENaC promoter R3 subregion. Anti- 5mC and anti-5hmC antibodies were used for methylated and hydroxymethylated DNA immunoprecipitation followed by qPCR with primers to amplify the R3 subregion in mIMCD3 cells that had been treated with vehicle or aldosterone for 0, 1, 3, 6, or 24 h. We chose this method instead of bisulfite modification because 5hmC does not undergo a C-to-T transition after bisulfite treatment and thus cannot be distinguished from 5mC by that technique (8) . As shown in Fig. 7A, 5mC was depleted and 5hmC enriched at the R3 subregion within 2 h of aldosterone treatment. These reciprocal changes, which are consistent with active demethylation, were sustained over the 24 h. We next analyzed the time-dependent effects of aldosterone on DNMT3b enrichment at the R3 subregion using ChIP/ qPCR. Given the loss of 5mC, we hypothesized that the cytosine methyltransferase responsible for the 5mC marks, DNMT3b, would also be lost from the R3 subregion with aldosterone treatment. In agreement with our hypotheses, DNMT3b occupancy of the R3 subregion diminished beginning at 1 h (Fig. 7B) . This result, coupled with the fact that DNMT3b mediated the transcriptional repression of ␣ENaC under basal conditions (Figs. 5 and 6 ), suggests that aldosterone promotes derepression in part by dispersing DNMT3b from the R3 subregion.
Finally, given the reciprocal changes in 5mC and 5hmC with aldosterone treatment, we hypothesized that aldosterone prompts the enhanced enrichment of one or more Tet isoforms at the R3 subregion to oxidize 5mC to 5hmC and thereby contribute to derepression. As seen in the ChIP/qPCR data shown in Fig. 7C , aldosterone induced the recruitment of Tet2, but not Tet1 or Tet3, to the R3 subregion. To determine whether Tet2 is functionally important for the derepression of ␣ENaC, we assayed ␣ENaC mRNA levels in aldosteronetreated mIMCD3 cells transfected with control or Tet2-specific siRNA. As shown in Fig. 7D , aldosterone-treated mIMCD3 cells depleted of Tet2 exhibited 50% lower levels of ␣ENaC mRNA compared with control cells. The time course of Aldo-induced changes in methylation marks and modifiers is shown. mIMCD3 cells were cultured in DMEM-F-12 plus 10% charcoalstripped serum for 20 h and then treated with vehicle or 1 M Aldo for the indicated time periods. Cells were then harvested and subject to DNA immunoprecipitation/qPCR assays with antibodies specific for 5mC or 5-hydroxymethylcytosine (5hmC; A) and ChIP/qPCR for DNMT3b (B) and ten-eleven translocation (Tet)1, 2, and 3 (C). Specific primers were used to amplify the R3 subregion of ␣ENaC. Data from Aldo-treated samples were normalized to the vehicle time-control values, which did not significantly vary over the time period. Data in A-C are presented as fold changes of the indicated time relative to their value at time 0. Error bars indicate ϮSEs; n ϭ 3. *P Ͻ 0.05 vs. the corresponding value at time 0. D: mIMCD3 cells were transiently transfected with control siRNA or with Tet2-specific siRNA. Cells were then treated with vehicle or Aldo for 24 h, and ␣ENaC mRNA, which was normalized to ␤-actin mRNA, was measured. The value of Aldotreated control siRNA-transfected cells was set at 1, and the other data were normalized to it. n ϭ 6. *P Ͻ 0.05 vs. control siRNA.
MR antagonists in the pathogenesis and therapy of chronic renal and cardiovascular diseases, there is a growing gap in understanding the full range of aldosterone effects on the epigenetic and transcriptional machinery. Having already identified Dot1a as the first chromatin modifier to be regulated by aldosterone (26) , the present study now identifies promoter methylation/demethylation, and specific effectors of these pathways (DNMT3b, MBD4, and Tet2), as aldosterone-responsive mediators of ␣ENaC gene transcription in mIMCD3 cells.
The finding of a CpG island near the transcription start site of the ␣ENaC promoter (Fig. 1) is typical of genes regulated by the control of promoter methylation status. Basal cytosine methylation in this region of the ␣ENaC promoter was evident in the comparison of 5-Aza-CdR-treated cells versus vehicletreated cells in bisulfite modification and DNA sequencing experiments (Fig. 2) as well as in the 5mC immunoprecipitation/qPCR assays (Fig. 7A) . The fact that 5-Aza-CdR-mediated promoter demethylation enhanced ␣ENaC mRNA expression (Fig. 3A) and ␣ENaC promoter activity (Fig. 3B) , indicates that basal ␣ENaC transcription is constrained in part by promoter methylation. Although the stimulatory effect of 5-Aza-CdR treatment could be related to direct demethylation of the ␣ENaC gene, or of another gene whose expression is required for ␣ENaC transcription, the fact that knockdown of DNMT3b (but not DNMT1 or DNMT3a; Fig. 5) or MBD4 (Fig. 6A) enhanced basal ␣ENaC gene expression indicates these proteins are largely, if not exclusively, responsible for the de novo methylation and maintenance of ␣ENaC promoter methylation in mIMCD3 cells under basal conditions. DNMT3b is generally considered to be active in de novo methylation. Although a recent study (3) (2), which also constrains ␣ENaC transcription, in part by limiting the binding and full trans-activation effect transcription factor Sp1 binding to its GC box in the ␣ENaC promoter (3). Aldo (bottom) downregulates the expression of Dot1a, Af9, and Sirt1 (1), leading to decreased abundance of the repressor complex, and the hormone induces serum-and glucocorticoid-induced kinase 1, which phosphorylates Ser 435 of Af9, causing disruption of the protein-protein interactions of Dot1a and Af9. This results in the hypomethylation of histone H3K79 and release of transcriptional repression of ␣ENaC. In addition, DNMT3b and, presumably, MBD4 are dispersed from, and Tet2 recruited to, chromatin associated with the ␣ENaC promoter, resulting in promoter demethylation with the conversion of 5mC to 5hmC, further de-repressing the promoter (2) . The promoter demethylation maximizes Sp1 binding and trans-activation of the ␣ENaC gene (3). Finally, the Aldo-liganded mineralocorticoid receptor (MR) binds to a glucocorticoid response element (GRE) in the ␣ENaC promoter to further trans-activate the ␣ENaC gene (4) . that DNMT3b can function as a redox state-dependent DNA 5hmC dehydroxymethylase (converting 5hmC to unmodified C), it does not appear to exert this activity at the ␣ENaC promoter, since reciprocal, rather than parallel, changes in DNMT3b occupation and 5hmC at the ␣ENaC R3 subregion were observed with aldosterone treatment (Fig. 7, A and B) . DNMT3b has also been shown to interact with MBD4 via the highly conserved PWWP motif and catalytic domain of DNMT3b (4) . Since the PWWP domain confers DNA-binding activity and targets DNMT3b to heterochromatin (4), this interaction may help direct MBD4 to sites of heterochromatin. The fact that overexpression of MBD4 impaired aldosterone induction of the ␣ENaC promoter (Fig. 6B) , indicates that MBD4 is not participating in active DNA demethylation initiated by the deaminase-catalyzed conversion of 5mC to thymine, as has been reported in other systems (10) .
The results also demonstrate that aldosterone reprogrammed the methylation status of the R3 subregion of the ␣ENaC promoter from a predominance of 5mC under basal conditions to a predominance of 5hmC (Fig. 7A ). This change was accompanied by depletion of DNMT3b at this subregion ( Fig.  7B ) and enhanced enrichment of Tet2 (Fig. 7C) . The fact that Tet2 knockdown limited aldosterone induction of ␣ENaC transcription (Fig. 7D) suggests that aldosterone stimulates Tet2 action at the R3 subregion to mediate the conversion of 5mC to 5hmC for the derepression of ␣ENaC transcription. The detailed mechanisms underlying the aldosterone-stimulated recruitment of Tet2 and dispersal of DNMT3b at the ␣ENaC promoter in the context of chromatin remain to be discovered.
Cytosine methylation-mediated interference of Sp1 binding to its cis-elements on promoters is known to inhibit the expression of several of its target genes in various tissues (2, 7, 17) . We (23) have previously demonstrated that Sp1 activates basal ␣ENaC transcription in mIMCD3 cells and that aldosterone enhances Sp1 binding to, and trans-activation of, the ␣ENaC promoter, without altering nuclear Sp1 protein levels. Given our new results showing that 5-Aza-CdR-mediated demethylation enhances Sp1 occupation of the ␣ENaC promoter (Fig. 4) to a level virtually identical to that of aldosteronestimulated cells (see Fig. 8A in Ref. 23 ) and that aldosterone prompts the conversion of 5mC to 5hmC in the ␣ENaC promoter (Fig. 7A ), it appears that basal ␣ENaC promoter methylation also limits the full effect of Sp1-mediated binding and trans-activation of the ␣ENaC promoter under basal conditions and that this constraint is relieved in the presence of aldosterone. Thus, under basal conditions, concurrent Sp1-mediated trans-activation and Dot1a-mediated histone H3K79 hypermethylation at the ␣ENaC promoter appear to act as if accelerator and brake, respectively, were simultaneously applied, allowing the accelerator to overcome the brake sufficiently to allow ␣ENaC transcription for normal renal salt excretion but also poised for the rapid acceleration of ␣ENaC transcription via derepression (removal of the brake effect) in the presence of aldosterone.
Further studies with combinations of selective mutations of Af9-, Dot1a-, Sp1-, and MR-binding sites of the ␣ENaC promoter-binding sites and knockdown/overexpression of DNMT3b, MBD4, and Tet2 will be needed to determine the integration and relative contributions of the various genetic and epigenetic controls on basal and aldosterone-stimulated ␣ENaC transcription and to ENaC-mediated Na ϩ transport in the CD. Unfortunately, we and our collaborators have been unable to get consistent patch-clamp ENaC activity measurements from mIMCD3 cells after they have been subjected to transfection and charcoal-stripped serum for these types of experiments. We do know, however, that a 50% reduction in ␣ENaC mRNA achieved by overexpression of Dot1a (see Fig. 4A in Ref. 18) , which is comparable to that observed with basal DNA methylation (vehicletreated cells; Fig. 3A ) versus demethylation (5-Aza-CdRtreated cells; Fig. 3A) , resulted in ϳ50% decrements in benzamil-sensitive intracellular Na ϩ concentration, as assessed with sodium-binding benzofuran isophthalate-acetoxymethyl ester in single cell fluorescence imaging, an indirect assessment of ENaC activity (see Fig. 8E in Ref. 18 ). Thus, we feel it is probable that the large changes in ␣ENaC expression we observed in this report are physiologically relevant.
Aldosterone plays a significant role in the development of hypertension and progression of cardiovascular and renal damage. Yet compared with other steroid hormones, relatively little is known about how it signals to chromatin or alters the methylation status of gene promoters to effect changes in gene transcription. The present results build on a complex model (Fig. 8 ) of aldosterone-induced ␣ENaC transcription that includes trans-activation mediated by the binding of the liganded MR to a glucocorticoid responsive element (11) and recruitment of Sp1 to its cis-element (23) and at least two epigenetic mechanisms for derepression: disruption of Dot1a-mediated histone H3K79 methylation (28) and the targeted demethylation of the ␣ENaC promoter reported here. The control of ␣ENaC transcription through epigenetic modifications of both promoter DNA and histones, in addition to classical transactivation mechanisms by transcription factors, lends considerable versatility to control of renal salt excretion under basal conditions and in response to aldosterone.
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